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TECENICAL MEMORANDUM NO, 630

THE STEADY SPIN*

By Richard TFuchs and Wilhelm Schmidt

+«. Notation

Space axes:

N = space vertical,
tE = space horizontal, here tangent to a circular
cylinder with axis m,
{ = space horizontal, perpendicular to m and £,
Air axes: .
. x = path axis,
e z = gpace horizontal, perpendicular to x,
y = axis perpendicular to x and =z,
, Body axes:
& T
ﬁg' x = longitudinal axis,
{/ y = mnormal axis,
P 2
® z = lateral axis,
g = acceleration of gravity (m/s?),
Y = air demsity (kg/m®),
_Y_. = ....1... i i %
2z 56 in this report,
q = gé v? dynamic pressure (ke/m®),
h
f!l *1Stationarer Trudelflug." From Luftfahriforschung, Vol.
o ITl, No., 1, February 27, 1929, published by R, Oldenbourg,
v Munich and Berlin, pp. 1-18.
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The following data apply to Junkers A 35 low-wing
monoplane! :

& = 1800 kg, gross'weight,

P o= 29,756 m?, wing area,

b = 15}94 m;'span,

t = % = 1,87 m, mean chord,

ty = wing chord (m),

t; = 2,20 m, chord at fuselage,

t2 = 1,60 m, chord =t wing tip,

z (m) = distance of wing component' ty dz from

the center of gravity of the airplane §,

h = 0,42 m, center of gravity from wing chord
in plane of symmetry,

r = 0,80 m, center of gravity from leading edgs,
Jr = 300 mkgs® inertis moment about longitudinal
- axie,

Jy = 550 mkegs® inertia moment about normal axls,
J; = 290 mkgs® inertia moment about lateral axis,

@ (deg,) = gliding angle,

w = rate of rotation sbout space vertical m (1/s),
Wy = W sin 9, _ *\
Wy = & cos @,
we = w(cos $ cog W sin o + sin @ cos a)
= v (1/8)
Wy = w(cos ¢ cos K cos a - sin @ sin Q) ,?
Wy = = Wcos @ sin K
w{1= W cos Q cos M )

-~ _"‘l-
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All rotations are positive when clockwise as seen in
positive direction of rotational axes,

v (m/s) = path velocity,

Av = Qy 2 (m/s) change in path veiocity v due
= to rotation Qy ,
a4}
p = I-295% () radius of helixz,
a(deg.) = angle of attack )
. a8 defined in Figure 1

w(deg.) = angle of bank
T(deg.) = angle of yaw, formed by axes X and z

after rotating about normel axis ¥,

Qg2 . .
Aa = 57,3 arc tan —5— (deg.) change in o due
to rotation Q.

A (kg), cq = 4 1ift; in direction of 1ift axis y,,
. q‘.|_ ' ' . ' ) ) -
. T
W (kg), oy = =% drag; in opposite direction to
as path axis =,
Q (kg), cq = é% cross wind force; perpendicular to

1ift and drag,

T (kg), ey = j% = cy €08 O + cy $in o normal force;
q= in direction of normal axis y,
T . s
T (kg), ey = == = cyg CO8 O - Gy sin o tangential
q- force; cppositc in dircction
to lomgitudirnal axis X,
ML 0
Mg, (mkg), Coy = Tw aerodynamic moment about lead-
4 ing edge,
My, A\

My (mke), ep = —Fx ’
aFe b aerodynamic moment
Ly, (> about lateral axis gz,

4
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Yoy (mkg), iy = —g—— slovetor monont
-.:{ = '] -_-3 G ,._"J,' - .. i : [}
- VT
8
J.!i'tl' '
Up (nkeg), iy = 5 =~ gyrogscopic moment about tho
* ' = v® - loteral axis g,
K1, . ;
KL (mkea) , EL = =57 acrodynamic moment gbout lon-
a4 gitudinal axis x,
' : Ky N
gd'o acrodynamic momont of
- wing ebout longitudinal
Kt = C“F azis  x,
F & 42
g
y Ko = _, . .
) {mke), KQ = S ailoron moment ghout longi-
- 4¥d  fydinal axis X,
K, (nkg), Ky = —-5&- gyroscoplc moment about longi-
L ; § v® tudinal axis x,
, Ly, . N
Ly, (mkg), Ly, = p=ny aerodynanic momen® about nor-
=Y. ‘mal axis -y,
. Ly ., .
L (mkg), LF = Py agrodyannic moment of wing
3 - an - N
W avout normal oxis ¥y,
L | LS ] .
LS (nke) , LS e ruédor noment about normal
q*o axis 7,
‘ _ Ig . . e
Ly (nkg), I = o zyroscoplec moment about nor-
a. nel axis ¥,
All moments, opposite in direction to tho correspond-

ing positive rotations, are Hositivo:

5H(éeg,) clevator sesting,

« O displacement upward,
>0 " downward,

Bz (deg,) rudder displacoment,

ﬁH(ieg.) aileron o
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All control movements producing positive moments are -
positive.

'This'reporf-attempts a comprehensive survey of the
subject of spinning, and constitutes an extension and
supplement. to Fuchs and Hopf's "Aerodynamik," chapter IV.

‘Several British reports (references 4 and 5) carry
the notation that the angle of yaw is relatively small in
gpinning and rarely exceeds 20°, The English have estab-
lished the effect of side slip for the most necessary
data in the wind tunnel at angles of side slip T <« ~ 20°,

It is readily seen from Figures 5 and 6 (reference 5)
that the change in 1ift and drag with side slip amounts,
at the most, to 10% of the correspondlng values with no
side slip so long as the yaw does not exceod 20°

In Figure 7 (rcference’ 6) cross~wind forco
poerpendicular to lift and drag at 7T = 20° with sige slip
has attained about 10% of 1ift with no side slip.

The change of aerodynamic moment about the lateral
axis, due to side slip becomes significant, according %o
Tigure 8 (reference 7), even though T < 20°,

Figures 9 and 10 (rnierences 4 and 8) disclose that,
as a result of a rotation around the path axis, the rolle
ing and yawing moments are materially changed, as in
curves a; with no side slip or aileron di splacement, in
curves ap With cileron displacement, and especially in
curves b with side slip.

It is seen, for example, with reqpect to the moments
about the longitudinal axis for o = 25° that the effect
of a side slip at T = 9,5° is equivalent to an aileron
deflection g = 50,

Thus, the ersuing investigation proceeds from the
following evidence:

So long as T < 20°, the changes in 1ift and drag
do not exceed 10% with no side slip; the cross-wind force
amounts, at the nlghest to 10% of tne 1ift, Hence the
computed v, g and @ wvalues for = 09, as based upon
Cgs Cy and cQ» will uwndergo no substantlal change for

any angle of yaw below 20°,



’

6 KeA,OoA, Technical liomorandum Ho, 3530

But the moments about the body axes undergae .marked
changes with sido slip., On the other hand, the aerody-
namic momcnt about the longitudinal axis can be produced
by a suitably choson ailsron displacement, according to
Figure 9, and tho samc applics to the moments about the-
normal and the lateral axes, as the corresponding eleva-
tor, rudder, or aileron displacenments sre -introduced,

When we bear in mind the fact that side slip and the
corresponding control movements are identical in effect,
the balance of the moments about the body axss with side
slip is all dut revertible to an oquilidrium by corre-
snonding control movements but with no side slip.

Thus 1t bBecomes readily apparent that a study at
T = 0% is no% naterially altered when it includes the
changes in asrodynamic forces and moments resulting from
side slip at T <.80C%. . . :

For this reason we repeated our investigation for
thie case'of T = O°, but coafined cursclves To e
part to the steady spin. . :

Calculationsg on unsteady spinaing are made only oc-
casionally, where it nertains to a2 numorical integration
of the differential cguations set wup for the cguilibrium
of &ll forces end moments ecting on the.airplanc, and
then only to scveral gaort eguations -in order to clorirly
the problem of getting out of o s»ixn, - :

The stealy spin without side slip postulates:

Bonilibrium of forces in direction of the alr axes -

Path axis x: O = G sin @ = cy q ¥ (1)
Lift axis y.: O=g v @y siny-G cos? cosutcy q F (2)
Azis L x and 7,: O = % v Wy cosy + G cos¢ sinp (3}

Equilibrium of moments about the body axes:

) o s ' e — \
Longitudinal axis z: - (Jy - Jy7 we P = = K (43}
Tormal axis ¥ - (Jy = Jg) W, We = =L (5)
Lateral axis z: - (Jg = Jg) g Py = - i (8)
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The above six equations embody the five variables:

sy My 7, @ and w, and reveal in conjunction with T = 0,
the position of the airplane completely.

The resolution of equations (1) to (3) yields in de-
pendence of o and 9, the other three variables W, v,
and w, for waich all forces acting on the airplane are in
balance. '

Aoolying these valucs to each one of -equations (4),
(56), and (6) results in « and ¢ values, at which, by
equilibrium of all forces acting on the airplanc, the mo-
ments about the respective axis are also in equilibrium,

If these values of ¢ and o are plotted as curves of
¢ = f (o), three such curves are obtained corresponding
to the three equations (4) to (6). TFrom each of these
three curves those values of o and ¢ are found at 'possi-
ble intersection points for which the simultaneous equi-
librium of all the forces and all the moments is satisfied,
and for which, therefore, the steady spin is possible,

Our investigations centered around a Junkers A 35°
low—wing monoplane with the latest test data on cgy, cy.
and e¢p, and for angles of attack up to a = 90°, Un-
fortunately they were limited to a stationary model with-
‘out aileron or rudder displacomont and for certain clec-
vator settings within o =0 to o = 20°.

The change in 1ift and drag within this range is
slight with elevator displacement, as Figure 14 shows,
In addition, other pertinent data disclosed the aileron
and ruddoer movoments to bo practically without effect on
the acrodynamic forces, and notably on the acrodynamic
momont about the lateral axis, so that it is justifiable
to assume cg end cy, eospecially at higher «, as con-
stant for any control movoment, and cq @as evenescently.
small at zero yaw.

According to the Britigh reports the principal
changes in forces and moments azbout the lateral axis,
effectod by rotation ® occur in the 1ift and in the drag,
as showix in Figures 11 and 12 (referonce 4), BEvecn for
values of 295 = 0,2 to 0,3, oncountered perhaps in a
steep spin atvrclativoly small «, tho change in cg
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and ¢ -amounts to about 10% of tho valucs mecsurcd on
tho gquictly suspendod model, So 1ift and drag may be
considered approximatoly comstant for the rotations in
question, : '

Pigure 13 (roference 7) rovoals tho relatiwely
slight change in moment cbout tho latorsl axis when ros
Jtated about the path axzis at large angles of attack; at
small o thoe change is more pronounced cnd is equiva-
lent to o snall clovator displacenont, Feovortheless, we
consider ¢y as boing about constant for any value of
_285, 'so that the cerodynamic forcos as woll as the aoro-
aygamic momonts about tho lateral axis may be assumed

approximately constant, for 2ll rotations « wundor con-
sidcration,

As regords the magnitude of the coantrol momonts, we
were compelled to introduce them for large values of «
without data on the corresponding control displacements,
and to refer for small o in part to measured elevator
setting, and in part to estimated aileron or rudder dig-
placements. ' '

) The wing moments Xy and Ly about the longitudi-
nal and the normel axis were not mecasured, but were accu-
.rately estimated by integration and by means of curves
cn and ¢t Wwith respoct to oe The incertia moments
were definecd by calculation as usual,

Bquilibrium of Forces and Homents

in Steady Spin with no Side Slip

: Zguations (1) to. (3) yield the values W, v and ©
dependent on o and $ for steady spin as

0 = AR

= = 57,3 arc tan \ ray (7)
/ &2 1

_ _ G2 gsing

V= M/ FY cy (8)

/a2 w2 2 2 .2 .
Eo) { Ca v g b
W o= - o g
v/ 4 ¢° cos Q@ ;§ ' )
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The ¢, and oy values applying to the airplane
were taken from Figure 14, while Figure 15 shows'

v = v/_; 1075 8in8
. Cw

plotted against o and 9. The path velocity rises with
increasing angle of climb and drops as the drag increases,

Figure 16 manifests .
c.? 2
W = ‘//;.ooooas ~&__—_ . 38
c

relative to o and ©., The rate of rotation increases
enormously by rising angle of climb and disappears for
level flight, For the latter the modified equations (la)
to (3a) are wvalid:

0=« G sin ¢ - cy a F | (1a)

O==Gcos @ cos b+ cyalF (22)

0 = G cos @ sin W . (3a)
as a consequence of which W =0 and tan ¢ = -_%g .

Figure 17 exhibits tan @ = = gﬁ, as well as the
a

corresponding values of ¢ referable to a, so that o

may be read from Figure 17 for certain values of ¢ whore
w = 0,

The introduction of constant values ® other than
zero into eguations (1) to (3) yields ¢ (w = constant)
(fig., 17) with respect to «, which were taken from
curves ® plotted against o and @ in Figure 16,

Figure 18 shows W = = arc tan (TQ) with respect to

& and ¢, EBEven in a flat glide the aﬂgle of banl becomes
very proxnounced at the usual angles of attack, while an
airplane already inclines quite steeply in ordinary curve
flight, When w= 0, J disappears.

T¢ compute the gyroscopic moments the rate of rota-
tions wx, Wy and Wz are necessary.

Conformably to Figure 16, w does not become appre-
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ciable at small gliding angles; but when these angles be~
come large, U  becomcs large also, according to Figure
18, in which case ' '

We ~ = (i COS O

]

04

-

U.)y -~ W, sl
C

Wy R~ ,

which, geometrically speaking, moans:

Vo can indicate a straight line placed in the sym-
metrical plane of the aircraft, which passes through its
center of gravity, forms angle ¢ with the longitudinal
axis and is parallel to that of the space vertical adout
which rotation @ is set wp., The distanco of tao space
verticel from this straight lino is

p = ¥ o8 @
@

For tho casc of @ —»~ 900, we Tind W ©, oac-
cording to {9) while v (cccording to (8) ) reveals o
tondency toward a fixed value, so that distance P Dbo-
comes, vory ninute and rotation ® is alrost around tlo
above straight lin Thoa the greotor o Dbocomes the

more thisg straight 11:c~is colncident with tlic normal
azis,

In Figure 19 the rate of rotation for Wx, wy und
@, 1is given for © = - 85%, -80° and -75°, Tt will be
noted that rate of rotation «,; abou’t the lateral axis

is alve 2y s very low, that rotation Wy about the longitu-
dinal axis predoninates at small «, and rotation “y
ahout the normal axis wvhen o is high.

Tre equilivrium of the moments

a) about tho lateral axis is based upon:

(T5 = Ty) w0y = My
regative gyroscopic moment (- L ) = aerodynamic moment
g SC O

i1
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With the nondimensional Ugp'= R inserted, we ob-
S .oy2 .
. g
tain ( : )
Jgx = Jy 2 .
MK'= - _g_é__i- @% (cos @ cos W sin a + sim @ cos a
g (cos @ cos W cos & - sin @ sin ),

which may be seen on Figure 20 in relation to o and 9.
The gyroscopic moments do not appear until the glidinag
angles are very high, and become very pronounced when
¢ >~ 85°

The aerodynamic moment, defined as ML = Cyp. aF 1t
on the leading edge of the stationary ﬂodel in the wind
tunnel and reproduced in Figure 14 with respect to «
was replottecd for moment iy, about the lateral axis and
expressed in the samo nondimensional form as Hy, that
is, we substituted '

-

Uy, i1,
ML = G—-L-— = 0,017 Cm for Cp < TT

al

Figure 20 shows EL' plotted against o for various

additional elevator momonts ' '
'I";H = _..I_'fE._

constant at any o, to which at small o a given eleva-
tor setting PBg corresponds, It is noted that curve
(= hT), referred to o and ¢, and curve ML referred
to a intersect in several points for which (Mg) = in;
that is, where the moments about the lateral axis are in
balance,

B) The equilibrium of the moments about the longi-
tudinal axis is expressed bJ

(J’Z-ug) QJ:-): wz_:KL

negative gyroscopic moment (- Ky) = aerodynanic moment

The rotation wgx about the path axis induces wing
moments about the longltudinal azxis exceeding by far any
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eventual ailsron monmernt Kn. A damping momont of the
vaortical tail group as occtirs becausc of rotation Wy
about the longitudinal axis, may be disregarded. -

The 4ntesration cstimates the acrodynamic moments of
Lac 8 :

2
_ ;o AN i
ip= oo tda v ran gL (EIED wnas
. *, [ I

-

- —~
— -

2% -3
In perticular, ¢, {a +Aa, v +Av) herc signifies
that ¢, 1is-affected by a ond by its ni;ecﬁod change
. B
through Aa = 57.3 arc tan ;«ﬁﬁi; tocausoe of rotation
Wy, further by speed v and its change through
Av = wy, z Dbecausc of rotation wy,.

The integral was graphically deterzined against o
and ¢ so eas to include any value of F X,

g

V)
<

To give the reader a picture of the method employed,
we include Figure 21 as typifying fhe d*stvlbutloﬂ of the

normal Torce over the wing; ¢, tozlé ¢ tx is plotted
against wing span 3z, vaere the integral evaluates pro-
cisely Zp = 0. How it becoumes ecvident tahat for
® = -~ 802 and q = - 27%, tho wing momecnt about the loa-
gitudinal axis is zero notwithstanliang the prevalent rota-
tion Gy.
pet
Figure 22 affords K = £ against o andi ©, and
g¥b

the possibility of positive and negative wing mements.
They disappear wher w = 0 {the relevant points may be
czlled outer zero noints), the a values pertinent for @
may be taken from the curve of Figure 17, TFor slow rates
of rotations 4wy, where Aa too is small, the intoegral
obviously becomes evanescent at values of o ror waich
curve c,, referred to ¢ in Figure 23, exiibits an ox-
treme valwe, namely, point & or o = 14° &nd noint E
for o = 32°%, Horcover, it is mositive or negative ac-

cording to whether gcz is. > or < O,
' a4

L)

In keeving with this, smsll ¢ wvalues, for. which,
consistently with Figurs 16, the rate of rotation
as well as Agq are small, have, apart from the two outer-
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also one or two inmner points .G'and H; in addition, for

: &
140 and a > 32°, where Egg >0, only negative

- wing moments, and for o« >14° and o < 32°, where

d.cn >O

To - - only positive wing moments occur. As ¢ and

-thereby Aa Dbecone larger, the positive moments become
more and more evanescent, the zero points & and H con-

tinue to come closer together and to assume still greater
values of a, wuntil caly negative moments eppear.

With the gyroscopic moment Ky expressed nondimen-
gionally .

Ex = é"ﬁg“"' e .,
g ¥ ,
we have:
(Tymdg) w3 : .
Ky = o = o (cos? cosp coso —-sing sina) cos® sinp.

g

In conformity with Pigure 19, the gyroscopic moment
is dependent on the always smsll 1'-ota,t:.on wz, hence is
itgelf very small, as indicated on Figure 24, and may be
neglected with respect t6 Xp.

As a result, our assumption is sufficiently precise
when it presumes the moments about the longitudinal axis
to be almost in balance for those values of ¢ and ¢ for

which the moments of the wings disappear, or in other
words, for the zero positions of curve Xp with respect
to o and @, at least so long as no aileron displacement
occurs,

The insertion of an aileron moment, constant for any

s
X
= —8 o &
rather corresponds at a = 0° to a Bg =1 49 aileron

deflcction, but at hiigher o to a much greater deflec-
tion, so the .abscisss of the curves must be siifted par-
&llel to itself, upwerd and downward, respectively.
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Y) ‘The moment eguilibrium about the normal axis is
expressed by eguation o

(JZ - JE} Wy Wy = Iy,

negative g}roscoplc moment (— LK) = aerédvnamic moment Iy .

The T at1on wx about the path axis 1ndhCuS wing
moments, ¥ hlc“, aggide from a ruuder moment and from the
far from negligible demping moment of the fuselage and
the vertical tail group, such as a rotation Wap about
the normal azis sets up, constitute the 3r1nc1na1 o-
ments acting about the normal axis,

Bvaluated by lntegration, the wing moments are

+b
2 Y /vt Ay N
Iy = [ oy (a+Aa,v+Av)--— vccﬁ'{‘:{}' ty 2 4 2,
£=-% . . -
whl ch, in FTigure 25, are plottecd with reference to «
nd @ in the nondimonsional form of
oo I
Lp = ==
- qj

Thae outer zero positions are valid for w = 0, the inner
wvnen the intogral dissppears, i.c., fi rst et small 9
and ® for points K and J of curve "cy, &as plotied

£
against o in Figure 23, where g%i = Q, The wing mo-
ments become nositive or negative cccording to whether
dct
T < or > C.
The zero points XK and J %end toward higher o
and come closer together as @ increases., At very high
@ the moments about the normal axis become guite small,

- J_:_:_) “-’z wx

The gyroscopic momcnt Iy = - (J
ray be disregarced with respecet to L

b fo3

As a result the moments about the normal axis are
practically in balance for those o and 9 at which Ly
disappears, i.¢., for tho zero points of the "Ly curves
rofcerred to o and @ at lcast as long as therc is no
rudider displacoment, and tho dawping moments of the fuso-
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lage and of, tho vertical tail surfaccs duc to rotation
wy' about tao normal axisg aroe disrcgarded for tho_prps-

cnt owing to the lack of experimental dota,

With an added rudder momont, constant for an o
’
we have: '

B3

T o . = S =T 0
o T8 gFD 0.0L,

L

i

which at o= 0°, is practicolly couivalont to a
Bg = * 20° 'ruddcr digplaccment, but ot higher o %o onc
decidodly highor; thus the abscissa of the curves must be

snlztoi paralicl downward and upward, respoculvoly.

-
i

| Tho damplng'noments of tho fuselage and of the vortie
cal tail group, induced by rotation @y about tho normal

exfd, play & very important part in thT momont equilibriun
about the normal azis and must not be ignorod., If the
vertical tail group, ond particularly the recar ond of the
fusclage, prosont o large area rolatively romotc from tho
normal "gxls, thoy may in fact bocome just as high as the
Jlﬂg ﬁomonts L ‘and oven surp ss them at large o.

: Hltnerto our study defined tho valucs for o and ¢
at which the forces and moncnts about the throc body axcs
were in equilibrium, as exhibited in Figure 26 for the
spédial cége oft 5 and 55 = 0° with 9 plotted
against’ o, alsreganlng the damping caused by the fuse-
lage and by the vertical tail unit. Curve &a comprises
those values of ¢ and 9 for which, If w = 0, all
forces actlng on the airplane are in eguilibrium and,
since the moments rust also bo in equilibrium if the spin
15 to be steady, wherc all curves of the moment equilib-
rium must start on this curve a. The b curves divulge
the equilibrium of the moments about the latersl axis
Wlth the resoectlve elevator momenus.

As long nas roftation w romains small, i.,6.,, for reocl~
t vely small @ os shown in Vigurc 17, thore nrc practi-
ally no gyroscopic moments (see fig, 20), so that, for a
Lven elévotor monent, those sabout tbe lateral QTIS are
n- equlllbrlum for uhose values of ‘o which 1gure 20 ré-
é.ls o8 zZero pozﬂts on the 'MT curve'“ﬂleraolo to Qe

[}

<= H'U‘Q‘. (¢}

ansequcntly, curve bi_ uust oegln ﬁ”point“ A on
curve ‘o  ‘and which further beiongs to an-ongle of abtack
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o« = 12°., TFor the coordinates of this point, that is, for
Q= = 7,5% and a = 129, and for those alono, o steady
spin is possible without clevator displacement., Points

B end ¢ are defined in the same manner,

The greater the gliding angle ¢ and thereby rate of
rotation w, _the greabter the gyroscopic moments and the
greater the tenaency of the intorsections of the [ and
the (ig) curves toward higher angles of attack (fig.
20), thus def1ect1ng the b curves more and more to the
right,

¥ relatively small ¢ and @ the ‘b curves are
gquite far apart for different elevator nmoments, but come
guite close to one another when o and ¢ assume large
values,

The d; and the ¢, curves pertain to the equilib-
rium of thc moments nabout the longitudinal and tho nor-
mal axis, respoctively, by zoero control displacemont,

Now we add an ailoron moment, constant for any o,
to thosc gbout the loangitudinal axis of Figure 22, ond
odtein now zero points on the Ey curvos with respect to
o and @, whoso coordinates arc shown in Figure 27 as
new curves 4 with paramector Eq.

It is scen that the d curvoes arc far apart vhile
¢ is relatively small, and continuc to approach onc an-
other at high o as ©® beconecs larger.

A similar study roveecls the ¢ curves in Piguro 28
by rudder moment Lg. At large angles of attack this
moment is wusuwally vory small, wmoking any cquilibrium for
¢ and @ valuvcs othor than the wing momont impossidble,
at lcast so long as thoe domping momonts of tho fusclage

and tho vertical control surfaccs aro disrogardcd, Theso

damping nmomonts may beconc corparatively large, thus mak.
ing a nomont equilibrium.possible only for a small anglo
of attack, '

A glance at Figurc 26 disclosos the fact that curves
b, 4 and e, even when disregarding the domping nmoments
of the fuselage and of the vertical tail surfaces, never
intersect in one single point if no control movement oc-
curs, The result is that as far as concerans the A 35, a
steady spin is impossible without control displacements,
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However, it is quite possible to force such an in-
tersection point as, for instance, by a slight negative
elevator displacement Bp = - 3% which yields point E.

Any steady curve flight is possible depending om the
chosen control movement - at least, for comparatively low
angles of attack, However, at very high angles a, say,
near point F, the b, & and e curves most probably
never meet in one point; but, since the curves are so
close together, and there prevails at least an almost
perfect balance of forces and moments, we shall designate
such, as "approaching steady" spin,

When the possible curve flight is very steep and the
respective angle of attack is above that for maximum
1ift, we ordinarily speak of "gpinning" and we distin-
guish the "steep" from the "flat" spin, according to
‘whether the.angle of attack is near that for maximum 1ifd
or very large. :

The tendency of an airplane to spin depends on the
mass distribution, the shape of the wing structure, the
position of the center of gravity, the area of the ex-
posed fuselage and the vertical tall group and its dis-
tance from the normal axis,

Hopf (reference 2) has already pointed out (see
reference 1, chapter IV) that the mass distridution pre-
dicts the magnitude of the gyroscopic moments (Jx - Jy)
wy wy and thereby the moment equilibrium about the laf—

eral axis.

Assuming the mass distribution so changed that fac=-
tor (JE - Jy), and thereby the gyroscopic moments, in-
crease to double and to half the value, yields the ¢3
and ¢z curves in Figure 26,

The b eand ¢ curves bespeak a less pronounced de-
flection as (JE - Jy) decreases, If it were possible
to so design an airpTane that Jx = Jy, it would theo~
retically preclude the inception_of afy gyroscopic mo=
ment about the lateral axis; the b and ¢ curves would
run parallel to the ordinate axis., For very small
Jx - Jy the b curves would not deflect to the right

until very high gliding angles were reached bdut would
then deflect that much sharper, and become ¢ = - 90°
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for higher .o,. thus moving a considerable distance away
from -the other d and e curves. -

The result would be that at smalilfJg'— Jy curvi-
linear flight would be imp0531b1e for angles of attack
above those asttainsble. in level flignt but not as yet
belonging to a flat spln. .

" Thus it becomes apparent that spinning may be pre-
vented more or less completely, at least for an average
range of o, by judicious mass distribution.

We have seen that a rotation about the path, the
longitudinal, or the normal axis may engender positive
and negative wing moments., It is not easily conceived
how.the moments about the normal axis with respect. to
those about the longitudinal axis can be disregcrded, as
ig-done qguite frequently. ZFor a glance at Figure 25 re-
veals them of almost the same magnitude as the positive g
moments about the longitudinal axis in Figure 22.

However, we confine our stuay to the moments about
the.longitudinal axis and meroly add that the same is
eqgually applicable to the normal axiss

Figure 22 unfolds zero points on the Xp curves
plotted against o and Q, for angles of attack beyond
those of maximum 1lift and for whose coordinates the mo-
ments about the longitudinal axis are in equilibrium,
Now compare the d, curve of Figurc 26 for the casc.of
zero aileron moments:

. a, equilibrium of forces in straight glide
i n 1 and momentsgs
b1, about lateral axis
bz, 1 " ]
bs , " 1 ]
cl . 1t 1t it
Ca , n i "
d,, i longitudinal axise
e1, g normal axis

¥.. =
M = 0

Mg =~0.0011.(62éﬁ1acqment upward)

Hy 80,0010 (© ' downward) : .
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My = O and double gyroscopic moment,

Yy = O and half gyroscopic moment,

EH :_Ov
My = O.

The v0551b111tJ of spianing, i, o., of a moro or less
completc balance of forces and moments in stalled stoep
curve flight depends on the existence of onc intersection
point each from the three curves b, d and e by corre-
sponding control moment as parameter, Because this is im-
possible when, for example; curve .4 is not present,
it is merely necessary to prevent the appearance of the
inner zero points on curve Xy with respect to o and
¢, even for any DOSSlble alleron moment to make spinning
absolutely 1mpo¢s1ole.

We have seen that the wing moments about the longi-
tudinal axis are dependent only on the shape of curve Cn
with . respect to angle of attack, and that for small wy
these moments are negative or p031t1ve according to

de
whether E&g > 0or < O.’ Only negative moments prevail

when the c¢, curve, valid for each wing section parallel
to the plane of symmetry, continues to rise with increas-
ing . This depends on the shape of the wing, and thus
constitutes a second means Tor limiting the chances of
spinning,.

Even if it should prove impossible to completely
avoid a cy .. of the.wings alone, it should at least be
endeavored to have this occur at the highest possible «
and yet not %too high, in order to prevent as much as pos-
sible & drop in the curve when o assumes large
values. '

Cn

Another successful method for combating the possi-
bility of spinning lies in tho constructive developmentd
of the alrplano with respect to the position of the cen-
ter of gravity, which in the A 35 is 0,36t aft of the
leading edge, that is, rolatively far back, Thc result
is that in level flight, for instance, evon by zeroc ele-
vator displacement, the airplane does not attaln equilib-
rium before fairly large angles of attack have boen
roached and the airplanc can be stalled considerably.
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Conseguently the b curves aro casily rade to intersect
enrves d and e in one.poini,.

Snifting the center of gravity extremely far forward
rendors this stall very dirfficult to reach. As last and
final antispinning method expounded in this study, we men~
tion the shape of the fuselage and of tie vertical taill
group. With the sides of the rear fuselage, and the area
of fin and rudder as large as possible, relatively large
damping moments are invited, which, in particular, may
make a flet svin very improdable.

Autorotation -

In view of the fact tanat in w spin the rate of rota-
tion wﬁl with rospect to wy 1is very low, the result-
ing sercdynamic momonss will always show satisfactory

agrecment with proactical expericnce whon tho aeas“ramuntﬁ
are madie as follows,

The model is mounted on an axlis A3 passing through
its center »f gravity and nlaced in its plane of symmefry
go tha®t any angle of attack may be obtaired and the mow
ments about the bodly axss can be measured direct,

Then axis A3 is suspended in the wind tunnel so as
to bYe always in thé'direct;pn.of ‘the air flow anl eo that
the model is sctunally ahle to exesute the desirodld rota~
tion Wy Since wo dld net neke such acasurenents on tho
mofel of th A 35 we interproted nationatically tho XKy
and . Ly curves siown on Figuvres 22, 25, 9 and 30, plot—

1 b
ted azaeinst o and ¢, and against « and E‘%’ roSpOoce
tively.

The zoro. points of these curves reveal thosse values

b'-r .
of o and =-= for which the aerodynamic moments ahout

the 1oaaﬂta11,ml aud the ncermal axis are in eguilibrium,
waeredby the avscissas are giuified parallel to one another
for existing aileron and ruvdder moments - constant over

i .. -
The 2&3 valves thus obtsined are shown Ior moment

v L}
birum nbout the long 1t¢d1nal d?la on Figure 31,
d against angle of attack Qe
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It discloses, for the case of zero aileron moment, a
curve similar to those known from the ordinary autorota-
tion tests. Apparently several equilibrium positions are
feagible for one and the same o, which is only attridu-
table to the shape of curve ¢, with respect to the an-
gle of attack oa of the wings.

Ag regards the stability of the equilibrium p0ﬁ1-
tions of the. Ky curves plotted against o and 2%z
in Figure 29, a discussion of equation e

[
€
-]

Jg 7

i

(equilibrium of moments about longitudinal axisg) dis-
closes:

If several equilibrium positions prevail, one must
always be stable, tho other unstable, according to
whether

d Ky

a <nwx\

2 v/

> or < 0,

Applied to curve 2ﬁ§ plotted against o in Figure

31 it postulates:

For small angleé of attack up to a = 14% there is
but ome single position of equilibrium where 29% = 0;

autorotatLOn would not set in,

An angle o > 14° has for a certain «, aside from
the equilibrium position

2 v

still a second which, conformably to the general discus—

b
gions, is stable, while £ = 0 becomes unstable,

Here autorotation would set in,

Beginning at o = 329, there are, aside from bwﬁFO

two more equilibriuvm positions, of which since the topz
most is always stable and the positions alternatingly

stable or unstable, the lowest bwx = 1is stable again,
2V
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At o = 55° & special position R (see fig, 29)
appears, in which one stable and one unstable posi
tion of equilibrium coincide,

A comparison with the ¢, curve plotted against «
in Figure 23, discloses:

bl\ , f
The -é-“% = 0 values relato to stable equilibrium
positions so.long as g%E'>-O,1 and to unstable positions
d.Cn 0 -
@ -

G and E on Figure 31, the points of transition from
stabilidy to instability and vice versa, correspond to
points G and HE- on Figure 23; that id, to the extrems
values of the ¢, curves with respect to a, for which
de i -

T = O

Hence the important conclusion:

when

. bw : _

The ranges of - o for gﬂ% = 0, stable or unstable,
or in other words, where autorotation about the longitu-
dinel axis would or would not ocsur, can forthwith be
rcad from the ¢, curve referable %o  «. BSo long as

by
%iﬂ- >0, the equilidrium position -;-‘ijr = 0 is unstable,
is0e, autorotation sets in, But, when %&n > 8, §9§ =0

is stable; autorotation cannot sot in,

When wo introduce an alleron momexnt EQ' constant

for any gﬁ%, the abscissa in Figure 29 must be shifted
parallel upwvard or downward, according to whether K is
negative or rositive., In thic manner we obitain the new
equilibrium positions shown orn Figure 31 against o with
EQ as paramoctor,

A positive aileron moment, that is, one which in or-
dinary flight would fturn tho airnlane stlill more in a
turn, extends the range of gmtorctatlon, while a negative
moment decreases it,

Figure 32, taken from a British report (reference 8)
reveals similar curves for a binlane. EKere, hLowever, it
was not, as above, a question of eguilibrium of aerody-
namic moments about the longitudinal axis, but about the
path axis,
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Figuros 33 and 34 (reforonces 7 and 9), also taken
from a British report, apply to the moment eguilibriun
about path axis =x, =about which the rotation Wy oc-
curred,

Wing gap, stagger, decalage and alleron dis@lacemeﬁt
‘¢ffect in general o change in mutual interference, honco
in sutorotation, ‘ '

. Incrcased wing gap, positivo stagger, top wing ahead,
positive decalage and aileron displacement, which ordi-
narily would Torce the airplane out of the curve, are
conducive to the diminution of magnitude and range of au-
torotation,

Effect of elevator displacement in steep and flat
spins - ,

It is generally conceded that any control displace-
ment in-a steep spin effects an immediate and powerful
disturbance of the prevailing flight attitude, dut that
all control displacements arc obviously ineffective in a
flat spin, Pushing the control stick forward is the best
mecns, i1f any, to recover from the spin, These facts
agrco vory woll with our calculations.

For the stocp spin curves b, 4 and ¢ in Figure 26,
roveal distinctly oxprosscd intersections which provall
for well-~defined control displaccmonts only; the curves
for the corrosponding control displacements are, more-
over, far apart.

In a flat spin the conditions are different, Dis-
tinct interscctions on the throe curves b, 4 and e are
nost likely altogethor precluded; the curves for all con-
trol displacoments are very closo togetner,

So in order to prosage the manner, and more poartic-
ularly, tho time intorval during which the momentarily
prosent flight attitudo is changed, wo made several cal-
culations on unstocady flight, Wo limited ourselves to
tho effoct of a positive olovator displacement (pushing);
once in a stcop, perfectly stoady spin, thon in a flat,
Wapproaching steady" spin - (E and F on Figuro 26).
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We defined the two flighte as follows:

e s

number
o BT Q v ® of |PE |Bg |Bs
turns
Stee
<pin [L7+0[-B5e4 |0 [~67,5|61.8 |1,96| 3.2 |-8 |0 |0
i%?; 64,0 |-84,2 | 0 |=87.0 | 28,9 |3,32| 1,9 | 0 {0 |O

We started with the differential ecuations defining
the equilibdbrium of all forees and moments acting on the
alirplane; then we introduced an additional elevator mo-
nent My = + 0.0021, which corresponds to a By = + 10°
elevator displacement at small oq. This was used to dig=-
turb the "porfect" as well as the "approaching perfect!
pogition of eguilibrium in the stecady and in the flat
spin, '

Wumerically integrated in 1/20 and 1/10 second in-
tervals, the differential equations revealed the data
graphed in PFigures 35 to 37.

In a steep spin a push on the control stick effects
an instantaneous and powerful change in flight atiitude,
The angle of attack, in pariicular, promptly assumes a
normal range, and the rate of rotation W drops very
quickly. (Reference 10.) '

In a flat spin the effect of "pushing" is altogether
different, The gradual and seemingly periodic change in
engle of attack is strilking, 4a equally periodic change
in all other variables is bound up with it, so that the
airplane, if at all able, would assume another and, above
all, normal attitude of flight only very slowly. The
fact that pilots who went into a flat spin unintentional-
ly were able to get out of it again by alternatingly
pushing and pulling in the tempo of the ensuing vibra-
tions, seems to bear out our contention.
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Conclusion

With the object of further clarifying the problem of
spinning, and to supplement and extend the data in Fychs
and Hopf's "Aerodynamik,!" Chapter IV (reference 1), the
equilibrium of the forces and moments acting on an air-
plane is discussed in the light of the mast recent test
data, Oonvinced that in a spin the flight attitude by
only small angles of yaw is more or less completely
steady, the study is primarily devoted to an investiga-
tion of steady spin with no side slip. A4t small «,
wholly arbitrary and perfectly steady spins may be
forced, depending on the type of control displacements.
But at large o only vory steop and only "approaching
steady" spins are possidble, no matter what the control
displacements,

A stcep curve flight for which, in addition, ‘the
angleo of attack exceceds even that for maximum 1ift, is
gonerally called "spin®" and we distinguish the "stoop
gpin" from the "flat spin' according to whether the an-
gle of attack is near to that for maximum 1lift or very
larges.

From the de31gner's point of view, the spinning ten-
dency of an airplane can be materlaWIy 1owered by

1) Wing shape: a continuous rise of the ¢, curve
against o valid for each wing cross section
parallel to the symmetrical plane, Even if not
.altogether unavoidable, the conp, .. should not
occur until very high angles of attack have been

~reached, and should only be 'so large that the
drop in the ¢, curve is as small as possible
for high values of .

2) Mass distribution: inertia moment Jx about the
longitudinal axis and inertis moment™ Jy about
the normal axis should be as nearly alike as
possible.

3) Position of tho conter of gravity of the air-
- plane: shounld ae oxurenely far forward,

4) Correct shape nf rear ,end of fusela#e and of ver-
tical tail group: the sides of the fuselage, par-
ticularly at the rear end, as well as the area of
the vertical tail group should be as large as pos-
gsible and be exposed to the air stream inm all di-
rections,
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It is expressly. smphasized that thecse exigencies
wore set up without regard to any other flight charac-
teristic, ond merely from the point of view of provent-
ing as Far as possible,..the cntry into a spin,

A study of the effect of control displacements in
the discussed spinning attitudes roveoals that the stecp
spin, in contrast to the flat - and I think most exhibi-
tion flights bolong in this class -~ can be roverted 'to
normal flight in vory short time and is, for that reason,
not dangeorous, '
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Fig.29 Wing momont about longitudinal axis against o and wa.
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referable to time.
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g =+0.0021
not dangerous steep and a dangerous flat
spin for zero aileron, and rudder moment, The 5 variables are
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